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INTRODUCTION
Because the species composition, diversity, and growth form of plant communities change in a general and predictable manner along productivity gradients (Whittaker 1975 , Mooney 1977 , Grime 1979 , Austin 1986 , Tilman 1988 , there has been an increasing interest in the factors causing such patterns. Predictable patterns are thought to arise because factors such as plant competition, physical stress, and herbivory vary in a predictable manner in either their intensity or quality along productivity gradients (Grime 1973 , Lubchenco 1978 , Oksanen et al. 1981 , Coley 1987 , Tilman 1988 . Although agreement exists at this general level, there is considerable disagreement concerning both the direction and magnitude of these factors (Keddy 1989) . In this paper we report experimental results that address one of these controversies, the question of the role of plant competition along productivity gradients. Grime (1973 Grime ( , 1979 , Huston (1979) , and Keddy (1989) have suggested that the intensity of interspecific competition increases along productivity gradients.
Competition may be most intense in productive habitats because such habitats support high growth rates and large amounts of biomass that result in preemption of space and light. Unproductive habitats support lower growth rates and less aboveground biomass, have less shading, and may have lower intensities of competition. Species with high competitive ability might dominate productive habitats, while species with low competitive ability may be displaced to less productive habitats where competition is less intense. This perspective suggests that a quantitative change exists in the intensity of competition along productivity gradients. In contrast, Newman (1973 Newman ( , 1983 , Grubb (1985) , and Tilman (1988) suggest that unproductive habitats should be characterized by intense competition for soil I Manuscript received 6 October 1989; revised 23 July 1990;  accepted 25 July 1990. resources. Tilman's (1 987a, 1988 ) theory of resource competition predicts that there may be no quantitative change in the intensity of competition along a productivity gradient, but that there may be an important qualitative change, with plants mainly competing for soil resources in unproductive habitats and mainly competing for light in more productive areas. This theory suggests that each species is specialized for a particular ratio of soil resources and light, and that the species that characterize a particular habitat are also the superior competitors for the particular resource ratio of that habitat. Therefore, competition may be important at all points along a productivity gradient, but its quality may vary (Grubb 1985 , Tilman 1988 ).
These views have generated controversy for 15 yr (Grime 1973 , Newman 1973 , Grubb 1985 , Thompson 1987 , Tilman 1987a , Keddy 1989 ), but testing their contrasting predictions has been hampered by an absence of experiments separating above-and belowground competition in the field (but see the review of greenhouse experiments by Wilson 1988) . One object of this research was to measure the intensity of above-and belowground competition along a gradient of soil resource availability. Neighbor effects were quantified by measuring the biomass, growth, morphology, and survivorship of three species transplanted into different competition treatments in vegetation along a gradient of soil nitrogen availability.
A second objective was to test for variation in the total intensity of competition at different levels of nutrient availability. This was done using two methods:
(1) calculating the extent to which transplant growth was suppressed by the presence of neighbors at their natural abundances and testing whether this varied along the gradient (Wilson and Keddy 1986, Wilson and Shay 1990) , and (2) determining whether a negative relationship existed between transplant response and neighbor biomass (Goldberg 1987, Gaudet and Keddy 1988) , and if it did, testing whether the slope of the relationship varied with soil nutrient availability (Welden et al. 1988 ). The first measure tests the hypothesis that the total effect of competition varies with productivity. The second tests whether the per-gram effect of neighbors also varies with productivity. Pergram effects might increase with soil nutrient availability if growth rates and resource consumption rates per unit of biomass also increase. Alternatively, since nutrient-poor soils are typified by species adept at conserving nutrients (Chapin 1980) , it could be argued that nutrient turnover will be less and per-gram effects should be greater on nutrient-poor soils. This research aimed to examine these possibilities experimentally.
METHODS

The nitrogen gradient
An experimental gradient of nitrogen availability was established in 1983 in a 49-yr-old field on a nitrogenpoor sand plain (Field C at Cedar Creek Natural History Area, 45024' N, 93012' W, 50 km north of Minneapolis, Minnesota; see Tilman 1 987b). The field has fine sand soil (Grigal et al. 1974 ) and was last farmed, for corn, in 1934. Dominant plant species include Schizachyrium scoparium, Poa pratensis, Panicum oligosanthes, Lespedeza capitata, Rosa arkansana, Solidago rigida, and S. nemoralis. Experiments have shown that nitrogen is the limiting soil nutrient in the field. Of all the nutrients (N, P, K, Ca, Mg, water) added singly or in combination, only N significantly increased community biomass and altered species composition (Tilman 1987b) . Three levels of nitrogen, applied as commercial NH4NO3 at 0, 5.4, and 17 gm 2 yr-', have been applied in early May and late June each year starting in 1983. The following nutrients and trace elements have also been added to ensure that only nitrogen was limiting: PO0, 20 g m--2 -yr-' as commercial 0-46-0 fertilizer; K20, 20 gm-2 yr ' as commercial 0-0-6 1; CaCO3, 40 g m -2. yr-' as fine-ground commercial lime; MgSO4, 30 g-m-2 yr--' as United States Pure Epsom salts; CuSO4, 18 , CoCO2, 15.3 , ug m 2 yr '; MnCl2, 322,ugm 2-yr '; NaMoO4, 15.1 Atg m 2 yr '.Sixteen replicates of each nitrogen level were applied to 4 x 4 m plots, separated by 1 m corridors, in a completely randomized design. Species composition varied significantly along a similar gradient nearby (Tilman 1987b) .
Eight plots of each nitrogen treatment were randomly selected and used for the competition experiment. Species composition of the remaining plots was measured on 28 August 1988 by centering a 0.5 x 1 m quadrat in each plot and recording the cover of each species using the six classes of Daubenmire's scale (Mueller-Dombois and Ellenberg 1974) . Each cover value was converted to the midpoint of the class, expressed as per cent cover, and the mean cover of each species in each treatment was determined. Species with mean cover >5% in at least one nitrogen treatment were examined with ANOVA to test whether cover varied significantly with nitrogen supply rate. Cover data were arcsine square root transformed. Species richness, determined as the number of species per quadrat, was also examined.
Competition treatments
Three competition treatments were used to measure the above-and belowground effects of neighbors on transplanted seedlings at each rate of nitrogen supply. Transplants were grown in subplots with no neighbors, or in subplots with the roots but not shoots of neighbors, or in subplots with all above-and belowground parts of neighbors present. One transplant was grown in the center of each subplot.
The no-neighbors treatment was imposed by driving a ring of galvanized sheet steel (50 cm diameter, 15 cm tall) into the ground until its top was at the soil surface, and killing all plants in the enclosed area with a systemic, rapidly decomposing herbicide (Roundup).
The rings were installed during 11-13 May 1988 and herbicide applied on 13 May. It is unlikely that the steel had any chemical effect on transplant growth because of the distance from the steel to the plant, 25 cm, and because of the dry, sandy soil of the study site.
Any resprouting neighbor biomass was severed at the soil surface and removed by hand.
Transplants were grown with only the roots of neighbors using methods similar to Gibson (1988) and Carson and Pickett ( 1990) . A net tied back the shoots and leaves of neighbors so that a transplant in the center of the net was not shaded by neighbors but was surrounded by neighbor roots. White plastic garden net (50 x 50 cm; mesh: 1 x 2 cm) was fastened to the soil surface at the center of the subplot using four steel pins each 8 cm long. The center portion (5 x 5 cm) of the net was cut out to allow transplanting. The outer corners of the net were held 10 cm above the soil using pins 20 cm long. Nets were installed on 16 May. (Snedecor and Cochran 1967) . In cases where there was a significant interaction between competition and nitrogen effects, contrasts among competition levels at each nutrient level were performed using planned comparisons (Sokal and Rohlf 1981:234) . In cases without significant interactions between competition and nitrogen but with significant competition effects, comparisons were performed among competition levels across all nutrient levels. Dead individuals were not included in analyses of size or growth but were used to calculate survivorship. Light data (arcsine square root transformed) and nitrogen data (log,0-transformed) were examined separately in similar split-plot ANOVAs.
Competition intensity
To determine whether competition intensity varied with nitrogen availability, we calculated:
where CI is competition intensity, rNN is growth rate with no neighbors present, and rAN is growth rate in the presence of all neighbors. CI was calculated separately for each species in each plot using the mean growth rate of the species in the plot. One-way ANOVA were therefore log,,,-transformed. Growth rate data were arcsine square root transformed. We determined whether the intensity of competition on a per-gram basis varied among nitrogen supply rates by testing whether the regression slopes for each species varied among levels of nitrogen availability (Tukey-Kramer test; Sokal and Rohlf 1981:507) . This was done only for significant regression relationships.
RESULTS
Vegetation on the nitrogen gradient
Cover of the four most common species varied significantly (P < .05) along the nitrogen gradient (Table   1 ). The three transplanted species dominated different portions of the gradient: Schizachyrium was the most abundant species in plots with low rates of nitrogen supply, Poa dominated plots with intermediate rates,
and Agropyron was most common in plots with the highest rates. Species richness decreased significantly with nitrogen.
Aboveground biomass of neighbors varied significantly among competition treatments and increased with nitrogen supply rate (Fig. 1) . Biomass was consistently lower in subplots from which all neighbors had been removed, regardless of nitrogen availability.
Biomass in subplots in which neighbor shoots were tied back was not significantly different from control subplots, although it tended to be less than controls at high rates of nitrogen supply. The lack of a significant interaction between nitrogen and competition effects prevented comparison of cell means.
The proportion of aboveground biomass alive ( 
Above-and belowground resources
Light penetration varied significantly with both competition and nitrogen supply rate, and there was a significant interaction between these effects (Fig. 2) . At all three nitrogen levels, light penetration in subplots with only the roots of neighbors was significantly higher than in subplots with all neighbors present but was not significantly different from that in subplots from which all neighbors had been removed. Light decreased with increasing nitrogen supply rates in subplots with undisturbed vegetation more than in the other competition treatments.
Total available nitrogen (the sum of nitrate and ammonium) also varied with both competition and nutrients, and there was a significant interaction between these effects. At all three nitrogen levels, nitrogen in subplots with only the roots of neighbors present was not significantly different from subplots with all neighbors present, but was significantly lower than in subplots from which all neighbors had been removed ( , and all neighbors present (40). C: competition effect; N: nitrogen effect; CN: competition x nitrogen interacti .05, ** < .01, *** < .001. Means with the same upper case letters at right of figure were not significantly different competition treatments with all nitrogen levels combined; means with the same lower case letters adjacent were not sign different among competition treatments at each nitrogen level; contrasts were calculated at each nitrogen level only sgificant interaction between competition and nitrogen was found.
shoot competition limited transplant biomass at high rates of nitrogen supply.
Poa biomass varied significantly with competition but showed no significant interaction between competition and nitrogen (P = .10), so comparisons among competition levels could not be performed separately for each nitrogen level. The trends for Poa, however, were similar to those for the other two species: data in Fig. 3 suggest that Poa biomass was limited primarily by root competition at low nitrogen and by shoot competition at high nitrogen.
Growth rate varied significantly with competition for all species (Fig. 3) . The interaction between competition and nitrogen for growth was very similar to that for biomass, with the exception that Agropyron growth rate was unaffected by competition at high rates of nitrogen supply.
Tiller number in all species was significantly affected by both the competition treatments and the interaction between competition and nitrogen supply rate (Fig. 4) .
Schizachyrium showed a shift from limitation due to root competition at low levels of nitrogen to limitation Competition, nitrogen, and the interaction between competition and nitrogen supply were all significant effects for mean tiller length in all three species, but the pattern of results was very different from those for other morphological characters (Fig. 4) . Mean tiller length tended to be higher in the presence of neighbors, particularly at high nitrogen availability.
NeitherAgropyron nor Poa flowered, but the number of flowering stems per transplant of Schizachyrium was significantly reduced by neighbors at all levels of nitrogen availability (Fig. 5) . The number of flowering stems per individual was significantly higher in subplots from which neighbors had been removed than in subplots in which either all neighbors or the roots of neighbors were present. At low nitrogen, plants grown with neighbor roots or all neighbors did not flower.
Belowground competition continued to suppress flowering at high rates of nitrogen supply. Similar results were found for the proportion of Schizachyrium transplants flowering (Fig. 5) .
In contrast to the results for biomass, size, and growth rate, survivorship was higher in the presence of neighbors in the cases of Poa and Agropyron (Fig. 6) . Sur- (0), and all neighbors present (0). C: competition effect; N: nitrogen effect; CN: competition x nitrogen interaction; *P < .05, ***P < .001. Means with the same upper case letters at right of figure were not significantly different among competition treatments with all nitrogen levels combined; means with the same lower case letters adjacent were not significantly different among competition treatments at each nitrogen level; contrasts were calculated at each nitrogen level only where a significant interaction between competition and nitrogen was found. Based on linear regressions of log,,-transformed data, posed -1% of the plant cover (Inouye et al. 1987) .
Maximum live aboveground biomass in unfertilized plots was about a third of the average for tall-grass prairie reported by Risser et al. (1981) , putting this field at the low end of the productivity gradient for prairie vegetation. Species composition and diversity, standing crop and root biomass varied significantly with nitrogen, the limiting soil resource in the field (Tilman 1987b) . The three transplanted species dominated different levels of nitrogen supply (Table 1) .
Our manipulations of neighbors produced significant effects on standing crop and root biomass. Both were significantly reduced in subplots from which all neighbors had been removed. Only 4-14% of the standing crop in this treatment was alive (Fig. 1) . This live proportion comprised vegetation leaning into the cleared subplots from outside. The sheet metal barriers around the soil of these subplots and the absence of living vegetation rooted in them suggests that the proportion of live root biomass in these treatments was also very low.
Light and available nitrogen measurements indicated that transplants grown with neighbors' roots received a light regime not significantly different from one in which all neighbors were absent and a nitrogen regime not significantly different from one in which all neighbors were present (Fig. 2) . The measures provide evidence that the response of transplants to this treatment was produced by removal of aboveground neighbor effects without significant alteration of the limiting belowground resource. The distribution of light and available nitrogen along the experimental gradient in undisturbed vegetation (Fig. 2) suggests that nitrogen was more likely to be limiting at low rates of nitrogen supply, but that light was more likely to be limiting at high rates of nitrogen supply. Log live neighbor biomass FIG. 8 . Relationships between aboveground transplant biomass and aboveground live neighbor biomass for three species grown at three levels of nitrogen availability (Low N: 0 gM-2 -yr-', Mid N: 5.4g-M-2. yr-', High N: 17 g.m-2 -yr-'). Regression equations are given only for significant relationships (P < .05). Slopes of regression equations do not vary among levels of nirgnaalability (Table 2) .
related to the removal of neighbors, the first through the reduction of uptake by neighbors, and the second through the release of resources previously garnered by neighbors. The effects of litter decomposition on nitrogen availability are not necessarily positive, since microbial populations on plant litter typically act as nitrogen sinks during the initial phase of decomposition (Read and Mitchell 1983, Seastedt 1988 ).
Competition
Biomass, growth rate, and tiller number of all species were significantly higher in treatments from which all neighbors had been removed than in those with all neighbors present, indicating that competition influenced transplant growth. Although the intensity of competition did not vary with nitrogen availability (Fig.   7 ), there were significant changes in the quality of competition. At low nitrogen availability, transplants grown with neighbor roots were usually the same size as plants grown with both neighbor roots and shoots; transplant growth generally increased only when both root and shoot effects of neighbors were removed (Fig. 3) . Thus, Log ]ive neighbor biomass FIG. 9 . Relationships between aboveground transplant growth and aboveground live neighbor biomass for three species grown at three levels of nitrogen availability (Low N: 0 gM-2 -yr' , Mid N: 5.4 g.M-2 -yr' , High N: 17 g.M-2 yr-'1). Regression equations are given only for significant relationships (P < .05). Slopes of regression equations do not vary among levels of nitrogen availability (Table 2) . lowground competition. At the highest rate of nitrogen supply, transplants grown with neighboring roots but without neighboring shoots tended to weigh more than those grown with all neighbors but less than those grown with no neighbors. Thus, biomass and growth rate at high rates of nutrient supply were affected by both above-and belowground competition. Similar results were found for most variables examined, with an apparent switch from performance being limited mostly by belowground competition in low nitrogen environments to being limited more by aboveground competition at high nitrogen. Mean tiller length increased significantly in the presence of neighbors, and this effect was generally greatest at high rates of nitrogen supply (Fig. 4) , which also suggests that aboveground competition was most intense at high rates of nitrogen supply.
Belowground competition was most important at low rates of nitrogen supply, in spite of the fact that plants of nutrient-rich habitats are capable of rapidly consuming any surplus in available nutrients in pot experiments (Bhat and Nye 1973 , Chapin 1980 , Crick and Grime 1987 , Granato and Raper 1989 . Pot experiments, however, do not address the issue of lim-iting resources in a plant community, and our results indicate that competition for such resources decreased with increasing resource availability. The experiment suggests that Grime (1973) is correct that competition for light is most important in productive habitats, but also that Newman (1973) is correct that competition for soil resources is more important in unproductive habitats.
Our interpretation of the relative importance of above-and belowground competition is based on the assumption that the effects of above-and belowground competition are purely additive, so that the difference in performance of plants grown with all neighbors and those grown with only the roots of neighbors is caused by aboveground competition. Positive interactions between above-and belowground competition, such that their combined effects are greater than the sum of their separate effects, were reported in replacement series type pot experiments by Donald (1958) . If this effect also occurred in our experiment, then our results may have underestimated the importance of aboveground competition. This would not alter our conclusion that the relative importance of belowground competition decreases with increasing soil resource availability if the underestimation was equal at all levels of resource supply. In a review of many pot experiments concerning above-and belowground competition, however, Wilson (1988) suggested that interactions between above-and belowground competition are rare. New designs are required to test whether such interactions occur in vegetation outside pot experiments.
Competition intensity did not vary with productivity in this experiment (Fig. 7) . Our results do not conform to the relationship between species richness and variation in competition intensity along gradients of productivity proposed by Grime (1973) and Huston (1979) .
Species richness declined significantly with productivity in this experiment (Table 1 ) and in similar experiments nearby (Tilman 1987b) , but this decline was not associated with variation in competition intensity. Wilson and Keddy (1986) showed that neighbors reduced transplant biomass more on nutrient-rich lakeshores than on nutrient-poor lakeshores. Their lakeshore nutrient gradient, however, was created by wave disturbance (Keddy 1983) , so that nutrient-poor lakeshores were also wave-swept beaches. The experimental removal of neighbors can be expected to have little effect on transplant growth in habitats with naturally high rates of plant biomass removal. Biomass removal by abiotic agents was absent from the Cedar Creek experiment, allowing neighbor effects to be measured at different levels of nitrogen supply without variation in disturbance. Variation in neighbor effects when both resources and disturbance vary independently remains to be explored experimentally. Neighbor effects have been predicted to decrease as disturbance increases (Connell 1978 , Grime 1979 , Huston 1979 ), but they have also been predicted to remain constant (Tilman 1988) . Competition intensity does not vary with water stress in and woody communities (Welden et al. 1988) and is unaffected by fertilization and burning in mixedgrass prairie (Wilson and Shay 1990) . Reader and Best (1989) found that competition increased with productivity in an old field in the absence of disturbance. At present, there are so few examples of competition studies performed in different environments that it may not be possible to generalize about variation in competition intensity along abiotic gradients. This situation is unlikely to be resolved as long as fundamental differences remain among studies in terms of life forms (e.g., trees or grasses: Welden et al. 1988 ), productivity (arid or wet: Wilson and Keddy 1986, Wilson and Shay 1990) , disturbance regimes (old fields or native scrub: Welden et al. 1988, Reader and Best 1989) , lengths of study (a few months or at least one generation of trees: Welden et al. 1988) , and techniques (experimental and descriptive studies; pots and intact communities). Given that hundreds of field experiments designed simply to detect competition were required to provide any general idea about its presence in nature (Connell 1983 ), a large number of studies may also be required over a broad range of productivity levels to produce the same kinds of general answers about variation in the mechanism of competition.
The per-gram effect of neighbors, measured as the slope ofthe relationship between transplant growth rate and neighbor biomass, did not vary significantly with nitrogen availability (Table 2 ). There was a nonsignificant tendency, however, for competition to be most intense in unfertilized plots with low standing crop.
Neighbor biomass also consistently accounted for greater variation in transplant growth in unfertilized plots (47-52%; Fig. 8 ) than in fertilized plots (0-23%).
This result is consistent with the hypothesis that the importance of competition per unit of neighbor biomass is greatest in unproductive habitats. This pattern might be produced because plants of infertile habitats are adept at tissue nutrient conservation (Chapin 1980) and impose slow turnover rates and consequently low (Whittaker 1975, Nilsson and Wilson 1991) , if it occurs in grasses, may cause the per-gram effect of neighbor biomass on transplant growth to be greatest in unproductive habitats.
The nonsignificant tendency for per-gram competition to be more intense on less productive soils may also have been produced by our inability to distinguish between live and dead neighbor roots. Because root: shoot ratios decrease from unproductive to productive sites (Fig. 1) , the exclusion of live neighbor roots from the analysis might have produced a misleading decrease in slope in the relationship between transplant biomass and neighbor biomass as nitrogen availability increased, and resulted in the apparent tendency for competition to be more important in unproductive habitats than in productive ones.
Logarithmic models generally accounted for more of the variation in target biomass with regards to neighbor biomass than did linear models. Nonlinear relationships between transplant biomass and biomass of neighbors are also reported by Gorham (1979) , Goldberg (1987) , and Gaudet and Keddy (1988) .
Patterns of survivorship among competition treatments tended to be opposite to those for size and growth.
Survivorship of Agropyron and Poa was significantly higher when either the roots or both roots and shoots of neighbors were present (Fig. 6) . This was probably because neighboring shoots shaded the soil surface ( (Table 1) , may have had sufficient nitrogen even at the lowest level of supply in this experiment to allow it to grow at close to its maximum rate in the absence of neighbors. Poa and Agropyron, on the other hand, may have grown slowly on the lowest nitrogen plots because of nitrogen limitation imposed by their relatively low use efficiencies (Wedin 1990) . Although nitrogen did not directly influence the growth of Schizachjriumn in this experiment, it does limit Schizachlvrium grown singly in small pots (Tilman 1986 ). Measurements of physiological responses to resource gradients (Ellenberg 1954 , Austin et al. 1985 , Wilson and Keddy 1985 may be meaningful only when transplants are grown in environments small enough to allow significant resource depletion. Because relatively large areas are required for field manipulations of neighbor effects, measuring physiological response curves in such experiments would require an experiment to be run long enough for the transplant to reach carrying capacity in subplots. Our results are for a single growing season and the experiment spanned the frost-free period of the study site. Allowing the experiment to run for a 2nd yr might produce different results because rates of resource uptake and competitive abilities are size dependent (Grace 1985) .
Variation in growth rates of these three species appeared to be related to the distributions of the species along the gradient of nitrogen availability. In the presence of neighbors, the growth of Schizachyrium varied only slightly between low and high nitrogen availability, that of Poa increased 5 times, and that of Agropyron increased 10 times. The species with the greatest variation in growth rate in response to increasing nitrogen availability in the presence of neighbors, Agropyron, was the species most common in the plots receiving the highest rate of nitrogen supply ( Table 1 ). The species with the lowest variation, Schizachyrium, was most common in the plots with the lowest rate of nitrogen supply, and Poa was intermediate in both traits. The same pattern of results was found for variation in biomass. This might be interpreted as evidence that plasticity is an important trait of plants in productive habitats (Grime 1979 , Grime et al. 1986 . Crick and Grime 1987 .
Transplant performance frequently varied with the interaction between nitrogen supply rate and competition (Figs. 3 and 4) , suggesting that competitive ability varied with environment. Because the effect of nutrient availability on growth rate depended on the presence of neighbors, and perhaps their identity (Table 1), it may be difficult to infer competitive ability (as attempted by Tilman 1986 , 1987a , Thompson 1987 , and others) from growth rates of plants grown in the absence of neighbors.
Differences in the relative abilities of the three species to compete for belowground resources are suggested by transplant performance in the presence of neighbor roots. Growth in the presence of neighbors' roots ( Fig. 3) was halved from high to low nitrogen for Schizachyrium, reduced to a third for Poa, and became negative in the case of Agropyron. The correspondence between this pattern for the three species and their respective points of peak abundance along the gradient (Table 1) suggests that Schizachyrium may be the best nitrogen competitor of the three, Poa the next best nitrogen competitor, and Agropyron the worst. Garden competition experiments with these species support this suggestion (Wedin 1990 ).
Differences in the abilities of the three species to compete for light is suggested by their morphologies.
Agropyron is the only species with leaves borne on ascending stems and is the tallest of the three (Tilman 1988:268-269) . This is probably an important advantage in competition for light. Further differences among species in their abilities to garner light in the presence of neighbors are suggested by the responses of tiller length to neighbors and nitrogen supply rate (Fig. 4) .
Agropyron, which has the longest mean tiller length at high nitrogen in the presence of neighbors, dominated the plots with the highest rate of nitrogen supply (Table   1 ) and with the lowest light penetration (Fig. 2) ; Poa had the next longest tillers and dominated plots receiving intermediate rates of nitrogen supply. Schizachvriun had the shortest tillers and was most common in plots receiving no additional nitrogen and with the highest light penetration. The same ranking was found for mean height of the species in natural vegetation (Tilman 1988) . Thus, there is indirect evidence that the three transplant species might be inversely ranked in their relative abilities to compete for light and soil nutrients.
In summary, Tilman (1987b) proposed that the differential distributions of species along experimental gradients of nitrogen availability at Cedar Creek were produced by competition, but had no direct evidence that competition occurred in the vegetation. Our results demonstrate that competition occurred at all points of the nitrogen supply gradient and that the qualitative nature of competition varied with nitrogen supply rates.
Specifically, the intensity of competition did not vary significantly with productivity, but the effect of belowground competition was greatest in unproductive plots, whereas the effect of aboveground competition was greatest in the most productive plots.
